INTRODUCTION
The collective modes that are associated with the presence of heavy particle populations in a hydrogenic plasma have been found originally [1] in the context of predicting the transport of impurities that could be observed by the experiments. Recent investigations of the so called I-Regime by the Alcator C-Mod experimental machine have brought to light features of this regime that can be explained by the excitation of a new kind of heavy particle mode at the edge of the plasma column [2] . This mode involves both density and magnetic field fluctuations. The transport of impurities that is produced by it is outward, that is in the direction of their assumed density gradient, while the main plasma ions are transported inward. These features are consistent with a mode having a frequency about 200 kHz that has been found experimentally in the I-Regime and with the observation that, in this regime, impurities are expelled toward the edge of the plasma column [3] [4] [5] [6] [7] . These modes have a phase velocity in the direction of the electron diamagnetic velocity, a feature that was found first theoretically [2] and that has been later observed experimentally [8] . The mode is dissipative in that its growth rate depends inversely on the effective finite longitudinal thermal conductivity of the main ion population for which the relative temperature gradient exceeds the relative density gradient. Under this condition, the mode driving factor is a combination of finite impurity temperature and of * Electronic address: coppi@mit.edu the main ion temperature gradient. The observed spontaneous rotation is in the direction of the main ion diamagnetic velocity and is assumed, according to the Accretion Theory [9] , to originate from a recoil process at the edge of the plasma column associated with ejection of angular momentum in the opposite direction by the considered mode. The electromagnetic fluctuations [6, 7] that are observed experimentally together with the density fluctuations are explained as related to the vanishing of the fluxes of the main ion and impurity populations in the saturated stage of the relevant instability. The assumption made that the effects of the longitudinal (to the magnetic field) thermal conductivity for the heavy particle population are relatively small are crucial for the validity of the presented theory. The surprising observation of significant electron temperature fluctuations [10] is associated with a process [11] that can decrease the longitudinal electron thermal conductivity relative to its collisional value. This paper is organized as follows. In Section 2 we derive a model dispersion relation referring to a plane geometry simulating relevant confinement configurations. The longitudinal thermal conductivity of the main ion population as well as that of the electrons is considered to be relatively large. In Section 3 a discussion of the model dispersion relation is given relating it to that previously known [1] for impurity driven modes. In Section 4 the newly found mode with frequency relatively close to the impurity acoustic frequency is shown to become unstable as a result of the combined effects of the radial temperature gradient and of the longitudinal thermal conductivity of the main ion population. In Section 5 the considered mode is shown to produce an inward transport of the main ion population and an outward transport of the impurity population [12] . The thermal energy of the main ion population is transported outward as well. A relative density gradient of the impurity population toward which this is expected to evolve and for which the mode growth rate vanishes is identified. In Section 6 the geometrical characteristics [13] of the mode that can be excited in a simplified toroidal confinement configuration are described. Then the theory for the density fluctuations of the main ion population is carried out for the relevant collisionless regime. In Section 7 we extend the derivation of the dispersive dispersion relation obtained in Section 2 by deriving the normal mode equation appropriate for the toroidal mode representation [12] [13] [14] discussed in Section 6. In Section 8 we evaluate the effects of the finite longitudinal main ion thermal conductivity for the toroidal modes considered earlier and the corresponding effects of the relevant mode particle resonances. In Section 9 we propose an explanation, consistently with the experimental observations, for the magnetic field fluctuations accompanying the density perturbations that have been observed. Thus the limitations of the electrostatic approximation adopted in the previous sections are made evident. In Section 10 we discuss the experimental observations of electron temperature fluctuations in the context of the considered mode. In Section 11 we discuss the processes that can be involved in the onset of the observed spontaneous rotation. In Section 12 the main conclusions are given based on the theory presented in the earlier sections.
PLANE GEOMETRY FORMULATION
In order to identify the main characteristics of the modes of interest we consider a plane plasma configuration where the equilibrium magnetic field B B e z and all quantities depend on x in the unperturbed state. The plasma components are the electrons with density n e (x), the main ion population with density n i (x) and Z = 1 and the impurity population with density n I (x) and mass number A I 1. Clearly n e = n i + Zn I . We use standard symbols and limit our analysis to electrostatic modes represented byÊ −∇φ.
The simplest model of the modes that we shall consider for a toroidal configuration is of the standing type along the magnetic field and propagating across it, φ =φ (x) sin (k z) exp (−iωt + ik y y) .
(2.1)
Since the expected dispersion relation depends on k 2 , we may consider, instead of standing modes represented by Eq. (2.1), propagating modes along the magnetic field, for whichφ =φ (x) exp (−iωt + ik z + ik y y) , (2.2) where, for the sake of simplicity, we consider k
The relevant longitudinal phase velocities are in the range
where v 2 thj ≡ 2T j /m j , j = i, e and I. Under these conditions the key equations that describe the modes of interest are
wheren I ,n i andn e indicate the density perturbations of the involved particle populations. Moreover,
and
The thermal energy balance for the impurity population in the limit of negligible thermal conductivity is
Here we assume that T e T i T I . Moreover, if we consider the impurity density profile to be relatively peaked, that is
dx , Eq. (2.10) reduces simply tô 
where ω I * * ≡ ( ck y T I /ZeB ) ( dn I /dx /n I ). By combining Eq. (2.4), (2.5) and (2.6) we have
Finally, Eqs. (2.14) and (2.15) lead to the dispersion relation
where
and ω * I ≡ ω I * * ∆.
DISCUSSION OF THE MODEL DISPERSION RELATION
We observe that, for the derivation of dispersion relation (2.16), the thermal conductivity of the main ion population has been considered to be large while that of the impurity population has been considered to be negligibly small. Now we note that the dispersion relation for the known "impurity" [1] driven modes
does not involve the frequencies ω 2 IA or ω I * * as it is derived in the "hypersonic" limit where ω 2 > 2T I k 2 m I and ω ∼ ω * I ∼ ω SI . In this limit we have an "impurity drift" mode
that has a phase velocity in the direction of the ion diamagnetic velocity v di and an "impurity sound" mode
that has a phase velocity in the opposite (electron diamagnetic) direction. Clearly, the hypersonic condition applied to the root (3.3) requires that ∆ > 2. We observe that an evident solution of Eq. (2.16) is
More generally, if we consider the case where ∆ < 1 and a mode with a phase velocity in the direction of the electron diamagnetic velocity (ω > 0 for k y > 0) the approximate solution of Eq. (2.16) is
As will be shown this mode can be driven unstable by the local temperature gradient of the main ion population for ω I * * < ω IA . In particular, we can argue that (see Section 5) the transport of the impurity population toward the edge of the plasma column raises the value of dn I /dx /n I until the marginal stability condition (3.4) is reached.
Finally, in order to analyze the cubic equation (2.16) in more detail we defineω ≡ ω/ω SI and U ≡ ω * I /ω SI and rewrite it as
Obviously, this dispersion function reduces to that in Eq. (3.1) when ∆ 1. We observe that there are three roots of Eq. (2.16) separated by one local maximum and one minimum of f (ω, U ). Two of the roots are negative, and the other is positive as shown in Fig. 1 . The positive root corresponds to the mode in the direction of the electron diamagnetic velocity represented by Eq. (3.5) in the relevant asymptotic limit. Fig. 2 shows how the new root ω 2 emerges and how the two rootsω 1 andω 3 continue when ∆ varies from above 1 to below it. 
"DISSIPATIVE" EFFECTS
The analysis of the data concerning the I-Regime of which a sample is given in Appendix indicates that the main ion population has to be treated as collisionless. Considering a plane geometry derivation for by the relevant mode-particle resonance (ω = k v ) can be evaluated easily. On the other hand, a good insight on the effect of this can be given by considering the effect of finite longitudinal thermal conductivity in the limit where D th i k 2 > |ω|, D th i being the main ion longitudinal thermal diffusion coefficient. Then, considering for simplicity the case where the thermal energy balance equation for the main ion population reduces tô
dx ). Then the quasi-neutrality condition becomes
Zn I eφ
where ε i ≡ n iT n T i ε i . Consequently, the dispersion relation becomes
We consider, for instance, ∆ < 1 and take ω = ω IA + δω.
Then we have
that is Imδω − 3 5
and k y > 0 (phase velocity in the electron diamagnetic velocity direction) the dispersion equation gives a positive growth rate when ω IA > ω I * * . The longitudinal thermal conductivity of the impurity population, when included in the theory, introduces a damping for the considered mode. In particular, if consider the limit where ω ω IA + δω and D th I k 2 ω IA < 1, D th I being the longitudinal thermal diffusion coefficient for the impurity population, we obtain the damping
Finally, we note that considering collisionless regimes instead of Eq. (4.2) we obtain, for the same plane one dimensional model,
We observe that in this case the one-dimensional nature of the mode-particle resonance leads to increase the critical value of η i by a factor 3 relative to that found with the finite thermal conductivity model as shown by Eq. (4.2).
QUASI-LINEAR TRANSPORT
The directions of the particle flows produced by the considered mode can be estimated by the quasi-linear approximation that, for the sake of simplicity, we apply to the plane geometry model analyzed in the previous sections. In particular, we indicate conventional averages over y and z by and note that, sincen e andφ are in phase,
that is, there is no net electron flow. Therefore, charge conservation requires that
and if the transport of the main ion population is inward that of the impurity is outward. In particular, since
after using Eq. (4.2). This shows that the main ion transport is inward for η i > 2/3 , while the impurity transport is outward, a feature consistent with the fact that the impurities are observed to be confined at the edge of the plasma column in the I-Regime. As indicated earlier, we expect that the mode will increase ( dn I /dx )/n I until the condition (3.5) will be reached. Clearly, the effective transverse diffusion coefficient, D eff ⊥i , for the main ion thermal energy that can be inferred from Eq. (5.3) for reasonable estimates (see, for instance, Ref. [15] ) of |v Ex | will tend to increase as the mode transverse wavelengths increase. Therefore it is important to obtain information on the dependence of the mode wavelengths on the main plasma parameters from the experiments and correlate them with the inferred scaling for the corresponding energy confinement times. Now in spite of the advances made in the investigation of the I-Regime this information is still missing.
Therefore we may consider the condition (3.4) that gives the perpendicular wavenumber k ⊥ ,
and, since k l 0 / (qR 0 ) (see Section 6), we argue that the perpendicular wavelength λ ⊥ = 2π/k ⊥ has the most significant and favorable dependence on the magnetic field. Then we may suggest that D eff ⊥i should depend on the other plasma parameters mostly through their relationship to the mode mode growth rate Imδω.
TOROIDAL MODES
We refer to the simplest model of a toroidal configuration having magnetic surfaces with circular cross sections and large aspect ratios (ε 0 ≡ r/R 0 1) represented by
The electrostatic modes that are radially localized around a given magnetic surface r = r 0 and can be excited in this configuration, where magnetic shear is present, are described by the potential
Here q (r) = rB ζ /(RB θ ) is the unwinding parameter, n 0 is the toroidal mode number andφ (r 0 , θ) is a periodic function of θ with
1 is an integer and r = r 0 is a rational surface. Moreover, F (θ) is an odd function of θ that is vanishing for −π < θ < π, with F (θ = ±π) = ±1 and ensures thatφ is a periodic function of θ while q (r) = q 0 0 . In particular, the conditions φ = 0 and dφ dθ = 0 are chosen for |θ| = π. In previous literatures this has been referred to as the "disconnected mode approximation" [12] [13] [14] and adopted to describe ballooning modes for whichφ (r 0 , θ) is an even function of θ and it has maximum at θ = 0. For the radially localized modes we consider q (r) q 0 0 [1 +ŝ ( r/r 0 − 1)] whereŝ ≡ d ln q/d ln r is the magnetic shear parameter. We note that for −π < θ < π
3)
The considered equilibrium distribution for the main ion population is
Ti(r) mi
Then, following a standard procedure,
where the integration is taken along unperturbed particle orbits,
Modes for whichφ (r 0 , θ) is even or odd in θ have different characteristics. In particular, the average potential
where dl = qR 0 dθ, vanishes whenφ (r 0 , θ) is an odd function of θ. This is the case we consider. Therefore, the relevant modes will not "see" the locally (in θ) unfavorable curvature "seen" by the trapped (main) ions. In particular, we takẽ
where δ 0 1 and l 0 is an integer, the modes we consider have frequency
2 ti (6.13)
is the average transit frequency for circulating particles. This has the property that dφ dθ = 0 for |θ| = π where F (θ) = ±1. We observe that an even mode that vanishes at θ = ±π would be represented, for instance, bỹ
where l 0 is an odd integer. As we can verify [see Eq. (8.4)] this function does not give the expression forT i that is relevant to the theory presented here. Then, referring to the circulating particle population and adopting the form (6.2) for the considered modes we employ the decompositioñ
dθ θ is the transit period for the main ion population,
We neglect the relevant magnetic field curvature and gradient drifts and obtain
Then, referring to Eq. (6.7),
Referring to p 0 harmonics such that ω < p 0 ω t ,
Thus,
For the analysis that follows (Section 8) it is convenient to evaluate the quadratic form
for the eigenfunction given in Eq. (6.12). Finally, we observe that given the sign chosen in Eq. (6.2), the wave number used for the plane one-dimensional model k y corresponds to −m 0 r . Therefore, the phase velocity of a mode is ωR 0 n 0 in the toroidal direction and −ωr 0 m 0 in the poloidal direction.
SIMPLEST TOROIDAL DISPERSION RELATION
The simplest theoretical formulation of the modes of interest for a toroidal geometry can be based on the following equationsn e eφ T e n e , (7.1)
2)
3) 
where we have considered
9)
T I ∼ T i ∼ T e , ω D th I ∇ 2 that corresponds to neglecting the longitudinal ion thermal conductivity for the impurity population and
(7.10)
In particular, we retrace the steps that lead to the dispersion relation (2.16) and we obtain
. Therefore, we may consider the appropriate solution to be of the form represented in Eq. (6.12), where we take l 0 ≥ 9 to ensure that ω 2 < l 2 0ω 2 ti referring to the parameters quoted in Appendix and to the experiments carried out by the Alcator C-Mod machine. In particular, for R 0 68 cm, T i 600 eV and q 2.5 we haveω ti 1.4 × 10 5 Hz 8.9 × 10 5 rad · sec −1 . Therefore we may take l 0 ≥ 9. The relevant dispersion relation is , and we have returned to consider a dispersion equation that is very close to that obtained for the simplest plane geometry model.
MODE-PARTICLE RESONANCE EFFECTS
The considered mode can acquire a growth rate by a resonant interaction with the main ion population represented by
with p 0 σ > 0. We note that the effect of the modeparticle resonance (8.1) can be simulated by a finite longitudinal thermal conductivity as was done for the plane geometry model if odd parity modes are considered. In particular, for |ω| < l 0ωtî
whereφ (θ) is given in Eq. (6.12). Therefore, by directly integrating Eq. (8.4) we obtaiñ
It follows from Eqs. (8.2), (8.5) and (6.12) that
Then, by virtue of the quasi-neutrality [Eq. (7.
3)] 8) and instead of Eq. (7.12) we are led to consider
Clearly, the conclusions on the mode stability reached in Section 4 can be extended to this case. If we consider the collisionless limit where the modeparticle resonances discussed in Section 6 become important, then the dispersion relation (8.9) can be used with ε i being replaced bȳ
which can be read off in Eq. (6.20) . Here the interval 0 ≤ Λ < Λ 0 < 1 − ε 0 refers to well circulating particles for whichω ti v /(qR 0 ), p
where η c i is the threshold for η i associated with weakly circulating particles. In this context we observe that in the case where even modes are considered that involve resonances with trapped particles [14] we have a contribution represented bȳ 12) whereω bi is the average bounce frequency of trapped main ions. Clearly, in this case the value of threshold parameter η c is reduced by a factor 3 relative to that found for ε 0 = 0 and is equal to that found when the effects of finite longitudinal thermal conductivity prevail as shown by Eq. (8.5).
In the rest of this section, we evaluateε i defined in Eq. (8.10). We note that
wherev ≡ E/T i and
Eq. (8.10) can be rewritten as
Upon performing the trivialv-integral, Eq. (8.15) reduces toε
Denoting the two types of Λ-integrals in Eq. (8.16) by
Eq. (8.16) can be cast into the form analogous to Eq. (8.8), i.e.,ε
Where
The Λ-integrals in Π 1, 2 can be evaluated analytically in the large aspect ratio limit in which δ ≡ Λ ε 0 /(1 − Λ) < 1. We notice thaṫ
for p 0 δ < 1. Furthermore, we note that to the order of (l 0 ε 0 ) 2 in the evaluation ofε i the only relevantφ (p 0 ) in Π 1, 2 are those with p 0 = ± (l 0 , l 0 ± 1). For the trial functionφ (θ) =φ 0 sin (l 0 θ), Eq. (6.16) gives
Other factors in Π 1, 2 can also be expanded in orders of δ. In particular, Thus the electrostatic approximation used in the previous sections is acceptable but the estimated values ofB θ have to be justified. Clearly,
In particular, ∇·Ĵ ⊥ = ∇·[(n i + Zn I − n e )v E ] = 0 at the stage where the linear description of the mode is valid. We argue that in the saturated staten e /n e remains eφ T e while the electron radial velocity isv Ex . Thus Γ ex ≡ n evEx = 0. Consistently with the experimental observation that injected impurities are promptly expelled, the impurity radial flux is considered to become greatly reduced relative to that estimated by quasi-linear theory that is valid at the start of the mode evolution. Consequently, |Γ ix | ≡ n iv i x | n ivEx |, wherev i is the main ion radial velocity in the saturated state. Assuming thatn i remains of the form has to be considered. We shall take ∇ ·Ĵ ⊥ α J ∂Ĵ x ∂x α JĴx ∆r and in view of Eqs (9.2) and (9.3) we obtain, for d
1.25 × 10 14 cm −3 and B 5 × 10 4 G, referring to the relevant experiments, Eq. (9.4) reduces to
and we can see that the resulting values ofB θ are in the range that has been estimated from the experimental observations.
ELECTRON TEMPERATURE FLUCTUATIONS
If we include the electron temperature fluctuations in the plasma quasi-neutrality condition, this becomes
It is clear that when considering the ratio of the relevant collisional longitudinal thermal conductivities or of the relevant linearized mode-particle resonancesT e /T e can be neglected. On the other hand it is possible that, since other microscopic modes may be present, the longitudinal electron thermal conductivity may be depressed and that electron temperature fluctuations become significant. In fact, recently A. White concluded that electron temperature fluctuations of 1 ∼ 2 % were observed in the Alcator C-Mod experiments on the I-Regime [10] . Indicating the mean free paths of ions and electrons by λ i and λ e , we note that for the regimes we consider k λ i k λ e 4.0 × 10 2 k 2/35 cm where η e = (d ln T e /dx)/(d ln n e /dx) and η c e has to be evaluated on the basis of the processes that determine D e eff . Consequently, the condition for the instability of the mode we consider will depend on the difference
Finally we note that if we refer to regimes for which k λ i < 1, another class of collisional modes can be found with longitudinal phase velocities
SPONTANEOUS ROTATION
The "spontaneous rotation" of the plasma column observed in the I-Regime is in the same direction as that of the main ion diamagnetic velocity (co-current). The range of this velocity is [6] 20 -90 km/sec. According to the Accretion Theory [9] of this phenomenon the presence of two processes is required: i). a process to scatter angular momentum to the wall generating a plasma recoil in the opposite direction, that of the main ion diamagnetic velocity;
ii). an "inflow" process to transport the generated angular momentum from the edge of the plasma column toward the center.
The heavy particle mode that we introduced and that is excited at the edge of the plasma column can provide the scattering of angular momentum in the same direction as that of electron diamagnetic velocity to the wall. For this the formation and launching of plasma blobs may be envisioned.
As for the inward transport process we envision it to be represented by a composite transport equation involving a "diffusion" term and an "inflow" term as described in Ref. 9 . During the transient phase, when the rotation velocity profile is peaked at the edge of the plasma column the diffusion term produce inward transport. When the velocity profile is settled and is peaked at the center of the plasma column the diffusion term is counteracted by the inflow term. According to the theory given in Ref.
9 the main inflow is associated with the ion temperature gradient and it is the result of the excitation of modes with |ω| 2 k 2 v 2 thi .
CONCLUSIONS
We have identified a new mode that can be excited in a multi-component plasma with a massive particle (impurity) population, embedded in a relatively strong magnetic field. Among the salient characteristics of the new mode there are: i) its phase velocity that is in the direction of the electron diamagnetic velocity, ii) the outward transport of the heavy particle population connected with the inward transport of the main (light) ion population that it can produce, iii) the driving factors for the mode being the combined effects of the light ion population temperature gradient and of the relevant effective thermal conductivity along the magnetic field and iv) having a frequency that exceeds slightly the acoustic frequency of the heavy particle population. These characteristics and the fact that the mode is shown to produce measurable electromagnetic fluctuations make it a suitable candidate to explain the features of the 200 kHz density fluctuations found experimentally in the so-called I-confinement Regime. In particular, in this regime where the main ions and the electrons are well confined, impurities have been observed to be localized around the edge of the plasma column.
One of the strongest limitations of the theory that has been presented is its formulation for a toroidal confinement configuration having magnetic surfaces of a circular cross section. In fact, a closer comparison with the experiments that would require a more accurate description of the mode poloidal profiles, with the characteristic odd parity that we have identified, will require an extension of the analysis to geometries like that of characterizing the Alcator C-Mod machine that have an X-point.
Moreover, given the promising confinement characteristics of the I-Regime in view of future experiments on fusion burning plasmas, it is worth considering the possibility to influence the onset and the evolution of the "heavy" particle mode that we have investigated. In fact, an experimental effort in this direction is being undertaken by T. Golfinopoulos. The presence of the electron temperature fluctuations associated with the observed density fluctuations will require further investigations on the process by which the effects of finite electron thermal conductivity are substantially stronger than those expected from existing theory.
